Abstract: The acousto-optic mode coupling in grapefruit microstructured optical fibers (GMOFs) has been investigated. Due to the presence of grape-like large air holes in the fiber cladding, unequal acoustic modulation is generated, and orthogonal acoustic gratings come into being in the GMOF, which is verified by our experimental observation on the mode profile of resonance peaks. The experimental results indicate that two resonance peaks originating from the mode coupling in acoustic-birefringence-induced orthogonal acoustic gratings simultaneously exist in the transmission spectrum, and the wavelength spacing between them reaches as large as 227.4 nm, which indicates that a greatly enhanced acoustic birefringence has been introduced in the GMOF. And moreover, some important grating features, including frequency-dependent grating period, frequency responses of acoustic phase velocity, and acoustic dispersion, have been investigated for the orthogonal acoustic gratings. These studies would be of importance for understanding the acoustic birefringence mechanism in MOF-based acoustic gratings and development of related acousto-optic devices.
Introduction
The past decades have witnessed a rapid development of fiber-grating-based optical devices since the milestone discovery of Hill et al. to fabricate the first fiber Bragg grating (FBG) by using the standing-wave method in the latter half of 1970s [1] . Due to their distinctive mode coupling mechanism involving the fundamental core mode and cladding modes, compared with FBGs that normally supports the mode coupling between copropagating and counterpropagating core modes, longperiod gratings (LPGs) have been intensively investigated for various optical communication and optical sensing applications. Permanent LPG structured refractive index modulation could be induced by employing mask-based UV laser exposure [2] , CO 2 laser illumination [3] , and femtosecond laser irradiation methods [4] . Besides these fabrication schemes, acoustic fiber gratings have attracted considerable research interests due to the simple and flexible refractive modulation approach by applying elastic waves along the fiber axis. In this way, the mode coupling strength and grating pitch could be conveniently controlled through respectively adjusting the amplitude and frequency of applied acoustic waves. Optical properties in acoustic-wave-excited single-mode fibers have been extensively investigated, and much efforts have been put into development of various acousto-optic fiber devices, including optical filters [5] , [6] , variable optical attenuator [7] , and optical add-drop multiplexers [8] , [9] , etc. The emergence of microstructured optical fibers (MOFs) with flexibly designed periodic refractive index arrangement over the fiber cross section paves a new way for the research on acousto-optic fiber devices, and the acousto-optic effect in versatile MOFs has also become the subject of numerous related studies, from weakly multimode solid-core MOF [10] , solid-core photonic band-gap fiber with high-index-liquid-filled cladding [11] , and hollow-core photonic band-gap fiber [12] to highly birefringent photonic crystal fiber [13] , etc., showing similar functionality but different properties from their SMF-based counterparts. In particular, multiple resonance peaks have been observed in the distorted transmission spectrum of acoustic-wave-excited MOFs, which has a significant influence on the performances of MOF-based acousto-optic devices in practical applications [10] , [11] . In 2008, Lim et al. observed multiple resonance phenomenon in a solid-core MOF excited by flexural acoustic waves, which has been proved to originate from the interplay between acoustic and optical birefringence in the MOF induced by imperfect fiber structures [14] . And in 2010, Zhao et al. also observed the resonance peak splitting phenomenon in the flexural-wave-excited endless single-mode MOF, which is attributed to the optical birefringence caused by the asymmetrical index perturbation method adopted in their experiment [15] .
In this paper, we have proposed and experimentally demonstrated a new acoustic birefringence generation mechanism by applying flexural acoustic wave in a section of grapefruit MOF. The acousto-optic mode coupling in grapefruit MOF has been investigated for the first time. Experimental observation of the mode profile for resonance peaks in the transmission spectrum shows that both of the two resonance peaks originate from the mode coupling between fundamental core mode (LP 01 mode) and the four degenerate second-order core modes (LP 11 modes). And experimental results indicate that the presence of six large air holes in the grapefruit fiber introduces acoustic phase velocity difference between the flexural waves polarized along the primary acoustic vibration direction determined by the acoustic transducer and its perpendicular orientation, which induces the formation of two orthogonal acoustic gratings resulting in a resonance peak spacing as large as about 227.4 nm. And furthermore, the grating period and acoustic phase velocities as functions of acoustic frequency and acoustic dispersion for these two orthogonal acoustic fiber gratings have been characterized based on theoretical calculations of the phase matching relationship and experimental observation on the frequency response of the resonance wavelength. Fig. 1 shows the schematic of the grapefruit-MOF (GMOF)-based acousto-optic tunable filter (AOTF) test system. A MOF-based supercontinuum light source (SLS) is employed to provide broadband light covering a wavelength range of about 600 nm to 1700 nm. $12 cm GMOF with fiber coating stripped is spliced with two segments of SMFs and tightly stretched between two fiber clamps. To effectively apply flexural acoustic waves onto the GMOF, an aluminum horn (diameter: 3 mm; height: 6 mm) is attached on the top surface of a round piezoelectric transducer (PZT) plate (diameter: 5 mm; thickness: 0.5 mm), which is fixed on a copper base with large acoustic impedance by using conductive epoxy to avoid the influence of possible reflected acoustic waves on the transducer performances, and the horn tip is pasted at one end of the GMOF close to the splicing joint. A signal generator is utilized to provide $MHz radiation frequency (RF) signals, which will be amplified by an ac amplifier and then applied onto the PZT. As RF signal is applied, the strongest acoustic vibration takes place along the thickness direction of the PZT and surface mode acoustic waves are accordingly generated and focused to the GMOF via the Al horn.
Modal Coupling Analysis and Formation of Orthogonal Acoustic Gratings in GMOFs
The cross section of the GMOF used in our experiment is shown in the inset of Fig. 1 . It is composed of a thickly Ge-doped core surrounded by one-layered grapefruit-like air holes in the cladding region. The diameters of the Ge-doped core and silica cladding are about 13 m and 125 m, respectively. And the area of each air hole is approximately 245 m 2 . The relative refractive index difference between doped and undoped regions is 1.08%. Considering the fiber modal symmetry and the asymmetrical refractive index perturbation profile introduced by the side modulation scheme adopted in our experiment, only the mode coupling between LP 01 and LP 1n modes may occur in the GMOF-based acoustic grating. According to our theoretical simulation results based on the finite-element analysis method, multitudes of core modes are supported in the GMOF due to a relatively large core area, and Fig. 2 shows the calculated wavelength-dependent effective refractive indices for the fundamental core mode (LP 01 mode) and the four degenerate second-order core modes (LP 11 modes). From this figure, it is clear that the effective refractive indices for all of these core modes decrease with the increment of wavelength, and the refractive index difference between LP 01 and LP 11 modes becomes larger in the longer wavelength region. As flexural acoustic wave is applied onto the GMOF, periodic refractive index modulation will be established and the mode coupling from the fundamental core mode to higher order modes occurs, which is determined by the phase matching condition [16] where s is resonance wavelength of the acoustic grating, Ã refers to grating period, and n f and n h represent the refractive indices for the fundamental core mode and higher order mode, respectively. Based on this relationship, it is possible to acquire grating period as a function of resonance wavelength, namely, the phase matching curve, which is shown in Fig. 3 . This figure gives the grating period allowing for the mode coupling that leads to the emergence of a particular resonance wavelength. It can be seen that there is a monotonically decreasing relationship between grating period and resonance wavelength, and the phase matching curves for the mode coupling between LP 01 core mode and the four degenerate LP 11 core modes are quite close to each other, which indicates that the multiple resonance peaks originating from the above mode coupling process would be rather difficult to experimentally observe. However, it should be noted that, as flexural acoustic wave is applied on the GMOF, due to the presence of large air holes in the cladding region, the strength of the acoustic vibration will be degraded, and in this case, the primary acoustic vibration defined by the Al horn would be the strongest while its perpendicular counterpart polarized along the neutral surface is the weakest. And thus, the unbalanced flexural waves with perpendicular vibration orientations will propagate with difference acoustic phase velocities, and acoustic-birefringence-induced orthogonal refractive index modulation along the fiber axis will be established as well. As a result, two orthogonal acoustic gratings come into being accordingly.
Experimental Results and Discussion
We have experimentally observed the mode profile around the resonance peaks of the GMOFbased AOTF. A tunable laser is employed as the light source, and a CCD is utilized to acquire the micrographs of the mode profile for the wavelengths around resonance peaks. In order to obtain high-quality mode profile images, the applied RF signal frequency is adjusted to control the resonance wavelength for optimal mode coupling strength. Fig. 4(a) shows the transmission spectrum of the GMOF-based AOTF. From this figure, it can be seen that two resonance peaks simultaneously exist in the transmission spectrum, which could be attributed to the orthogonal acoustic gratings schematically illustrated in Fig. 5 . From this figure, it could be seen that, when flexural wave is applied onto the GMOF, due to the presence of large air holes in the fiber cladding region, the acoustic vibration will be weakened to some degree and the flexural wave polarized along the primary acoustic vibration direction defined by the Al horn used in our experiment (x -axis in Fig. 5 ) is the strongest, while its counterpart polarized along the y -axis in the neutral surface is the weakest. Accordingly, the two unbalanced flexural wave components with perpendicular polarization orientation will propagate with different phase velocities and hence induce orthogonal refractive index modulation along the fiber axis (z-axis in Fig. 5 ). Thus, two acoustic fiber gratings come into being in this way, and it should be pointed out that our later work on characterization of the acousticfrequency-dependent grating period, as shown in Fig. 8 , indicates that these two acoustic fiber gratings possess slight different grating pitches for a same particular applied acoustic frequency, which is rather difficult to be depicted in Fig. 5 because of the slight acoustic wavelength difference between the two orthogonally polarized flexural wave components. Additionally, due to the asymmetric acoustic modulation scheme adopted in our experiment, only the mode coupling between LP 01 and LP 1n core modes may be allowed. According to (1), it could be seen that the aforementioned grating pitch difference between the two acoustic fiber gratings will result in two resonance peaks in the transmission spectrum for the mode coupling process between LP 01 and the same order LP 1n modes. The applied RF signal frequency is experimentally precisely adjusted to achieve an optimal transmission depth of $12.4 dB for peak 2 at 1572.4 nm. In our experiment, we have slightly adjusted the tunable laser source to observe the mode profile evolution around peak 2, as shown in Fig. 4(c) . The experimentally captured micrographs in this figure shows the mode profiles of the GMOF-based acoustic grating for the observation wavelengths of 1571.662 nm, 1572.698 nm, and 1573.944 nm, respectively. All of these micrographs turn out the typical LP 11 mode profiles, which indicates that peak 2 originates from the mode coupling between LP 01 and LP 11 modes. It could be also seen that the mode profile enlarges to some degree with the increment of observation wavelength, which may be caused by the reduction of effective refractive index of the core modes for longer wavelength, as shown in Fig. 2 . As we continue increasing the applied RF signal frequency, the resonance peaks shift toward longer wavelength region. When peak 1 is tuned to 1609.4 nm, a transmission depth over 8.5 dB is obtained, as shown in Fig. 4(b) . Since peak 2 is located beyond the upper limit of the measurement wavelength range of the OSA employed in our experiment, it is not depicted in this figure. The gradual mode profile change for peak 1 have also been observed. Fig. 4(d) shows the microscopic mode profiles for the observation wavelengths of 1608.682 nm, 1610.419 nm, and 1612.135 nm, respectively. Similar to the experimental results for peak 2, the mode profiles for peak 1 show that peak 1 also results from the mode coupling between LP 01 and LP 11 core modes, and the mode profile slightly enlarges with the increment of observation wavelength as well. In order to characterize the spectral performance of our proposed GMOF-based AOTF, we have experimentally measured the frequency response of the resonance wavelength, as shown in Fig. 6 . As the precise geometry of the Al horn has an important influence on the acoustic grating performances, another Al horn with basically the same geometrical parameters as the one employed for mode recognition experiment is selected to obtain a wider wavelength operation range for the acoustic fiber grating. It is obvious that, for an applied RF range of 1.1 MHz to 3.4 MHz, two resonance peaks simultaneously turn up in the transmission spectrum. For reference, a typical transmission spectrum is given in Fig. 7 when the PZT is driven at 3 MHz, and the spectral jitter around 1063 nm corresponds to the pump laser wavelength of the SLS. As flexural acoustic wave is generated, due to the acoustic modulation scheme adopted in our experiment, when fiber bends along x -axis determined by the initial acoustic vibration direction of the Al horn, x -polarization acoustic wave and its perpendicular counterpart, namely, the y -polarization acoustic wave, would be simultaneously applied on to the GMOF. Due to the presence of grape-like large holes in the fiber cladding, these two flexural wave components would be weakened, and x -polarization flexural wave is the strongest, while its y -polarization counterpart is the weakest. Hence, the fiber is easier to bend when y -axis is in the neutral surface. This means that the x -polarization flexural wave possesses a lower acoustic phase velocity than the y -polarization component [17] , and in this way, two acoustic-birefringence-induced orthogonal acoustic gratings are established in the GMOF, resulting in the emergence of two resonance peaks. Comparison of the CCD acquired mode profile images in the columns of Fig. 4 for peak 1 and peak 2 shows that the symmetrical axes of the mode profiles for peak 1 is perpendicular to those for peak 2, revealing the orthogonality of the acoustic gratings as mentioned in the above discussion. From Fig. 6 , we can see that the resonance wavelength linearly shifts toward longer wavelength region with the increment of applied RF signal frequency, and the coefficients of determination reach 0.9977 and 0.99854, respectively. Since peak 1 and peak 2 have shifted outside the measurement range of the OSA when applied RF signal frequency is respectively lower than 1.1 MHz and higher than 3.4 MHz, some resonance wavelengths have not been observed. And for an acoustic frequency of 1.1 MHz to 3.4 MHz, the resonance wavelength spacing increases from 81.9 nm to 227.4 nm. Also, it should be noted that the acoustic-birefringence-induced resonance splitting in the works of Lim et al. and Zhao et al., as introduced in section one, is no more than tens of nanometers [14] , [15] . The significantly increase of the resonance spacing in our work is attributed to the proposed acoustic birefringence enhancement mechanism introduced by the orthogonal acoustic gratings owing to the presence of grapelike large air holes in GMOFs.
Based on the calculated phase matching curves in Fig. 3 and experimentally measured frequency response of resonance wavelength, we could further obtain the grating period of orthogonal acoustic gratings for different acoustic frequencies, which is an important feature reflecting the acoustic grating characteristics within the acoustic frequency range in concern. Since the phase matching curves for the four second-order degenerate LP 11 modes are very close to each other, the grating period averaged across these four degenerate modes is used in the data reconstruction process. Fig. 8 illustrates the grating period of orthogonal acoustic gratings as functions of applied RF signal frequency. It can be seen that the grating period of the orthogonal acoustic gratings decreases with the increment of acoustic frequency and the grating period difference between them slightly decreases for higher acoustic frequency region. For an acoustic frequency range of 1.1 MHz to 3.4 MHz, the grating period difference between the two orthogonal acoustic gratings decreases by about 48.6 m. And as mentioned earlier, limited by the wavelength measurement range of the OSA used in our experiment, the grating periods for certain acoustic frequencies are not given in Fig. 8 .
Since acoustic phase velocity difference between x -and y -polarized flexural acoustic waves is a fundamental physical factor that accounts for the formation of orthogonal acoustic gratings in the GMOF, we have also calculated the frequency dependence of acoustic phase velocity of respective acoustic grating by using the simple relationship v ¼ f Ã, where v is the acoustic phase velocity, f refers to acoustic frequency, and Ã represents acoustic wavelength, namely, the averaged acoustic grating period in our case. Fig. 9 shows acoustic phase velocity as functions of acoustic frequency. It can be seen that there is a monotonically increasing relationship between the acoustic phase velocity and acoustic frequency. As applied RF signal frequency increases from 1 MHz to 3.4 MHz, the acoustic velocity for x -polarization flexural wave, corresponding to peak 2 in Fig. 9 , increases from about 931.8 m/s to 1623.6 m/s. And the acoustic velocity for y -polarization flexural wave, corresponding to peak 1 in Fig. 9 , experiences an increment from about 1079.1 m/s to 1872.9 m/s for an acoustic frequency range of 1.1 MHz to 3.9 MHz. Furthermore, the acoustic velocity difference between the two orthogonally polarized flexural waves becomes larger in higher acoustic frequency region. Based on the frequency-dependent acoustic velocity given in Fig. 9 and by using ! ¼ 2f and ¼ ð!=v Þ, where ! and refer to acoustic round frequency and propagation constant, respectively, we could obtain the average acoustic dispersion described by acoustic round frequency in terms of acoustic propagation constant [18] , as illustrated in Fig. 10 . From the above results, we could see that the acoustic propagation constants show larger difference as acoustic frequency increases, which indicates that our proposed GMOF-based AOTF possesses a stronger acoustic birefringence in high-acousticfrequency region.
Conclusion
In summary, we have proposed and experimentally demonstrated a GMOF-based AOTF excited by flexural acoustic waves. Owing to the presence of grape-like large air holes in the fiber cladding, unequal acoustic modulation has been established and orthogonal acoustic gratings form accordingly, which has been verified by our experimental observation on the mode profiles of the resonance peaks. Some important features of the orthogonal acoustic gratings have been investigated in detail. Based on the experimentally measured frequency response of the resonance wavelength and phase matching curve calculated using the finite-element analysis method, the grating period as functions of acoustic frequency has been acquired, and moreover frequency dependence of acoustic phase velocity has been obtained as well. Furthermore, the average acoustic dispersion described by acoustic round frequency as functions of acoustic propagation constant shows that there is a perfect linear relationship between these two parameters, and the difference between the acoustic propagation constants for the orthogonal acoustic gratings becomes larger as acoustic frequency increases, which indicates that higher acoustic birefringence would be introduced in our proposed GMOF-based AOTF in high-acoustic-frequency region. Also, it is noteworthy that the resonance peak spacing of our proposed AOTF reaches as large as 227.4 nm within the experimental measurement frequency range, showing that the acoustic birefringence has been greatly enhanced. The work presented in this paper would be helpful for the understanding of acoustic birefringence mechanism and design of MOF-based acousto-optic devices for potential applications in such areas as dynamic optical filtering and fiberoptic sensing. 
